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On The Use of Nonlinear Soil Models 
Albert T. F. Chen 
Research Civil Engineer, U.S. Geological Survey, Menlo Park, California 
SYNOPSIS The basic definitions of, and the differences between, currently available soil models 
are reviewed. These models are applied to site response analyses where two depths and two levels of 
base input motion are considered. Computational results are presented and compared with regard to 
the effects of using different soil models on computed site response. Other implications resulting 
from the choice of soil model for seismic response analysis are also discussed. 
INTRODUCTION 
For siting consideration of important 
structures in seismically active regions, the 
use of nonlinear dynamic analysis for 
estimating seismic ground response has become 
more common. Although appropriate laboratory 
and field testing procedures can provide the 
input stress-strain relations in the form of 
backbone (initial loading) curves for nonlinear 
analysis, these relations do not fully 
prescribe how soils should react under 
transient loadings. The analytical process 
requires that a soil model be chosen. The term 
"soil model" refers to a set of postulates that 
regulate the unloading and reloading behavior 
of soils under irregular loadings. The soil 
model most commonly used in nonlinear analyses 
has been of the Iwan type (Joyner and Chen, 
1975, Taylor and Larkin, 1978, Richart, 1980). 
More recently, Pyke (1979) has proposed a model 
especially designed for better simulation of 
cyclic loading about a nonzero mean stress. 
Both of these soil models are based on Masing's 
criterion (Masing, 1926) which states that the 
shape of the unloading and reloading curve is 
the same as that of the backbone curve, except 
that the scale is enlarged by a factor of 
two. Under steady-state cyclic loadings about 
zero mean stress, these two soil models exhibit 
the same behavior as that prescribed by 
Masing's criterion. However, under irregular 
loadings, the unloading and reloading curves 
based on these two models may differ both in 
shape and in size. 
This paper compares the use of the Iwan and the 
Pyke models with the straight-forward 
application of Masing's criterion (henceforth 
referred to as the Masing model), and discusses 
the implications associated with the choice of 




The Masing model is a direct extension of 
Masing's criterion. In this model, the initial 
loading curve, enlarged by a factor of two, is 
used as the unloading and reloading curve at 
every stress reversal. As a result, the shear 
stress after repeated reversals may exceed the 
maximum shear stress prescribed for the soil. 
However, this situation can be prevented by 
incorporating a slip mechanism into the 
analysis. 
The Pyke model uses a variable enlargement 
factor to specify the unloading and reloading 
curves, so that the shear stress after repeated 
reversals always stays within the prescribed 
limit without the use of any additional means, 
such as a slip mechanism (Pyke, 1979). The 
development of this model was also inspired by 
the need for better simulation of cyclic 
loading about a nonzero mean stress in which 
accumulative strain has been observed in the 
laboratory. Pyke's variable enlargement factor 
is 
c ( 1) 
where s and smax are, respectively, the shear 
stress and the maximum shear stress, and the 
first term is negative for unloading and 
positive for reloading. 
The Iwan model is based on a mechanical model 
consisting of a number of elasto-plastic 
elements. The assemblage of these elasto-
plastic elements can be in series or in 
parallel and leads to a multi-linear 
representation of any smooth, concave-downward, 
backbone curve (Iwan, 1967). The reversal 
behavior of this model is regulated by the 
action of each elasto-plastic element. The 
most notable characteristic of the Iwan model 
is that the shape of the unloading or reloading 
curve can change such that that shear stress 
never exceeds the specified maximum value. 
The difference in loading paths caused by using 
different soil models is demonstrated by 
considering a quadrilinear backbone curve. For 
the wavelike loading shown in Fig. 1, the 
Masing and Iwan models give an identical loop, 
whereas the Pyke model takes a slightly 
different loop shape. At the upper-right 
corner, the loading paths for the Iwan and Pyke 
models converge to the maximum shear stress, 
whereas the path for the Masing model exceeds 
the maximum shear stress when a nonslip 
condition is imposed. In Fig. 2, where a 
stairslike loading is considered, substantial 
diversity in the loading paths is evident. 
Notably, the loading path for the Iwan model is 
clearly bounded by the backbone curve, below 
which lies the path for the Pyke model. For a 
nonslip condition, the loading path for the 
Masing model extends upward beyond the range of 
the plot, and, if a slip mechanism is assumed, 
the path is bounded by the maximum shear stress 
line at less than 5 percent of strain instead 
of at the 7 percent indicated by the backbone 
curve. 
Although the loading paths based on different 
soil models can vary considerably under 
irregular loadings, the effects of using 
different soil models on the computed site 
response are not so clear and are the chief 
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Fig. 2. Loading Paths with Different Soil 
Models, Stairslike Loading 
SITE RESPONSE COMPUTATIONS 
Noniinear site response analyses were conducted 
for two soil sites to study the difference from 
the use of different soil models. Both sites 
are composed of normally consolidated, soft 
clay overlying bedrock and have identical 
properties except for thickness of the clay 
layer. At the shallow site this layer is 20 m 
thick, and at the deep site 100 m thick. The 
clay is assumed to have a bulk density of 1.46 
gm/cc and to be 100-percent saturated with the 
water table at the ground surface. The initial 
tangent shear modulus, Gm x' with depth and the 
distribution of maximum s~ear stress, smax' are 
shown in Fig. 3. The backbone curve for the 
clay is assumed to follow the hyperbolic 
relation of Hardin and Drnevich (1972) in the 
following form: 
( 2) 
where r and s are the shear st~ain and shear 
stress, respectively, and r' is the reference 
strain, defined as 
r' ( 3) 
0 
Fig. 3. 
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Each site is subjected to two intensities of 
input bedrock motion: low- and high-level 
excitation. The input bedrock motion is based 
on the first 10 seconds of the N21E component 
of the Taft recording of the 1952 Kern County 
earthquake. For use as high-level input 
motion, the Taft strong-motion record was 
multiplied by a factor of four to give a peak 
acceleration of 0.7 g, as shown in Fig. 4. The 
low-level input motion was obtained by scaling 
the high-level input motion by a factor of one-
tenth. Fig. 5 plots the response spectra of 
these input motions. 
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A computer program was developed for this 
investigation (Chen, 1980). The program 
utilizes a lumped-mass discretization approach 
and a step-by-step integration procedure, and 
treats the response of a horizontally layered 
system as piecewise linear. Options are 
provided in the program for considering any one 
of the three soil models, but the slip 
mechanism for the Masing model was not 
incorporated. 
With two sites and two levels of input motion 
for each of the three soil models, a total of 
twelve separate computations were performed. 
In each computation, soil mass was lumped at 
2-meter intervals, and the time step for 
integration was 0.0025 s. Results from these 
computations are presented and discussed next. 
COMPUTATIONAL RESULTS 
Maximum ground response values from the 
computations of site response analysis are 
tabulated and presented in Table I. When 
compared with the corresponding maximum values 
based on the Iwan model, Table I shows that the 
use of the Masing model consistently results in 
higher response values, whereas the values 
based on the Pyke model are somewhat lower in 
acceleration and generally higher in 
displacement. These differences become more 
pronounced with the cases where the high-level 
excitation was considered. In the cases with 
high-level excitation, significant departure of 
the results of the Masing model from those of 
other models is noted in displacement and 
maximum strain and can be attributed, at least 
partly, to the absence of a slip mechanism in 
the analysis. 
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Table I. Comparison of Maximum Response Values 
Maximum Surface Response Values Maxima in Deposit 
Soil Mode 1 Acceleration Velocity Displacement Shear Strain Shear Stress 
Series Computed Used (g) (em/sec) (em) (percent) (kPa) 
Shallow Deposit I wan 0.12 1 4. 9 5.6 0.21 13 .o 
with Low-Level Masing 0. 14 17.4 5.6 0. 31 1 4. 5 
Excitation Pyke 0.09 1 4. 7 5.1 0.25 13.5 
Deep Deposit Iwan 0.11 16.0 8. 3 0.16 18.9 
with Low-Level Masing 0. 13 18.5 9.8 0.24 22.1 
Excitation Pyke 0.08 17.2 8. 5 0.19 18.6 
Shallow Deposit I wan 0.16 79.0 64 .o 3.50 35.0 
with High-Level Masing 0.23 92.0 88.0 10.50 47.0 
Excitation Pyke 0.15 74.0 8o.o 4.60 35.0 
Deep Deposit I wan 0. 15 93.9 81 .o 1 • 4 3 104.7 
with High-Level Masing 0. 21 1 17.2 129.0 8.08 11 8. 3 
Excitation Pyke 0.13 90.4 83.0 1. 60 105.5 
Note: No sllp mechanlsm was consldered Wlth the Maslng model. 
The time-history plots of the surface 
acceleration from each series of computations 
showed no conspicuous differences and thus are 
not presented here. Response spectra of the 
surface motion from the computations are 
presented in Figs. 6 through 9 from which, 
distinct difference from using different soil 
models is evident. In general, the Pyke model 
almost always leads to lower spectral values, 
whereas the Masing model tends to produce 
higher peaks in the spectrum which is 
particularly obvious for the cases involving 
deep deposit. The spectra tend to converge at 
longer periods (greater than 1.5 s) under the 
low-level excitation, but are more or less 
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Fig. 6. 5~-Damped Surface Response Spectra 
with Different Soil Models, Shallow 
Deposit with Low-Level Excitation 
Modification of ground motion due to soil 
response can be examined by comparing the 
surface response spectra with the response 
spectrum of the bedrock input motion (Fig. 
5). In the cases with low-level excitation, 
the input motion is substantially amplified 
with a noticeable shift in the frequency 
content for the deep deposit (Fig. 7). In the 
cases with high-level excitation, the input 
motion is more attenuated in the short-period 
range with an additional peak near the period 
of 1 s. These observations appear to be 
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Fig. 7. 5%-Damped Surface Response Spectra 
with Different Soil Models, Deep 
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5%-Damped Surface Response Spectra 
with Different Soil Models, Deep 
Deposit with High-Level Excitation 
Two additional points from the results are 
worth noting. The first point is that, 
contrary to expectation, the pattern of surface 
displacements based on the Pyke model does not 
differ from those based on the other models. 
The second point is that, with the Pyke and 
Masing models, the maximum stress and the 
maximum strain at a given point may not occur 
at the same time because the unloading and 
reloading curves with these models do not 
change in shape. 
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DISCUSSION 
In view of the possible divergent patterns in 
the loading curves that can be generated by the 
three soil models (Figs. 1 and 2), the 
differences from using these soil models, as 
seen from the computational results, seem 
relatively small. If a slip mechanism were 
employed with the Masing model, the difference 
would probably have become even smaller. A 
possible explanation for many of the 
similiarities in the computed responses is the 
interaction between all the soil masses during 
the vibration of a system with many degrees of 
freedom. This interaction is such that every 
lumped mass (sublayer) is restrained by other 
lumped masses (sublayers) from attaining a 
state of deformation that would seriously 
effect the outcome of the system response. 
The question of wnich model best represents a 
given soil should ultimately be answered in the 
laboratory where additional research on soil 
behavior under irregular loadings is urgently 
needed. The significance of the possible 
differences from using different soil models in 
site response analyses is very much dependent 
on the type of application and the judgment of 
the investigator. However, there are still a 
few comments that can be made concerning the 
use of some of these models. 
One major inconsistency in the Masing model is 
that the model contradicts the use of the 
backbone curve. Once the soil is disturbed, no 
matter how slightly, the loading paths, by 
definition of the Masing model, should be the 
same as the backbone curve enlarged by a factor 
of two. It follows that, since no soil deposit 
or soil sample is absolutely undisturbed, the 
use of the backbone curve for the initial 
loading path cannot be readily justified. 
The fact that maximum shear stress and maximum 
shear strain do not occur concurrently with the 
use of the Pyke or Masing model leads to 
further implications. Soil properties such as 
degradation and dilatancy have been expressed 
as functions of strain. If the strain does not 
correspond to an appropriate magnitude of 
stress, as indicated by these models, the 
incorporation of these strain-dependent 
properties into response analysis will have to 
be reexamined. 
CONCLUSIONS 
The investigation of the effects of using 
different soil models on the computed site 
response leads to the following conclusions: 
1. The computed response values based on the 
Pyke model are generally lower than those 
based on the Iwan model or the Masing 
model. 
2. The use of the Masing model tends to 
produce higher peaks in the surface 
response spectra and usually results in 
higher response values. 
3. The differences in computed site response 
from using different soil models are not 
considered major. Furthermore, the 
significance of these differences depends 
on the type of application. 
4. The use of the backbone curve for the 
initial loading path needs to be justified 
for the Masing model. 
5. Nonconcurrence of the maximum shear stress 
and maximum shear strain with the Pyke or 
Masing model should be noted, and 
implications regarding the specification 
of strain-dependent soil properties 
require further investigation. 
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